Abstract-Bisphenol A (BPA) has been reported to be associated with adverse health effects, including high blood pressure (BP). BPA is also suspected to cross placenta in pregnancy and might affect children's health. The present study was aimed to evaluate the effect of prenatal exposure to BPA on the BP of the child at the age of 4. We followed up 645 children at the age of 4 who were born from women who participated midterm during their pregnancy in a birth cohort study from August 2008 to July 2011. Because BPA and BP showed nonlinear association, we constructed a piecewise regression model to examine the association between urinary BPA concentration of mother at around 20 weeks of gestation and BP of the child at age 4 and to determine threshold level of BPA for the association. Diastolic BP of the children was positively associated with maternal urinary concentration of BPA above the threshold level measured at around 20 weeks of gestation. For 1 log unit increment of prenatal urinary BPA concentration, diastolic BP was increased by 7.9 mm Hg (SE=2.072; P=0.0001) after adjusting potential confounders. Pulse pressure was decreased by −8.0 mm Hg (SE=2.528; P=0.0015). However, systolic BP was not significantly associated with prenatal BPA concentration. The present study suggests that exposure to BPA during pregnancy is associated with higher diastolic BP of the children above a certain threshold (4.5 μg/g creatinine).
B isphenol A (BPA) is an endocrine-disrupting chemical
showing estrogen receptor affinity. 1 Because of its use in the production of polycarbonate plastic and epoxy resin, 2 exposure is almost ubiquitous, and BPA was detected in >95% of US population. 3 After Lang et al 4 had reported associations between BPA exposure and cardiovascular disorders, subsequent studies have identified BPA as a possible risk factor for hypertension. [5] [6] [7] [8] However, the epidemiological evidence supporting the adverse effects of BPA exposure on blood pressure (BP) is still limited because all but 1 of the related studies were cross-sectional. 5, 7, 8 The only noncross-sectional study was a randomized crossover trial, which demonstrated that acute exposure to BPA could increase BP, but was limited in generalizability because all of the participants were >60 years old. 6 These previous studies were also limited in study design, which could only account for the effect of acute exposure. To fill this gap in the evidence, studies examining the effect of BPA exposure on BP in other age groups, with longitudinal design, are required.
BPA exposure was not only suggested to have adverse health effects in adults, but has also been associated with various childhood disorders, including behavioral problems, 9, 10 obesity, 11, 12 and asthma. 13, 14 In a cross-sectional study, high BPA exposure was also associated with increased diastolic BP in obese children. 15 As the prenatal period is known to be a susceptible period to adverse cardiovascular effects of environmental exposure, 16 and BPA can cross the placenta, 17 BPA may be one of the chemicals that, if exposed during pregnancy, can cause adverse health effects during childhood. Recently, an animal study reported that daily administration of BPA to pregnant rats resulted in increased BP of the offspring. 18 In humans, the association between prenatal exposure to BPA and health in early childhood has been reported. 10, 13, [19] [20] [21] [22] [23] [24] However, to the best of our knowledge, no study has examined the association between prenatal BPA exposure and BP in childhood.
Previous studies have suggested that high BP in childhood may cause cardiovascular diseases in adulthood. For instance, a study examined the signs of atherosclerosis at the autopsy of 2-to 39-year-old subjects and found that the prevalence increases with age, starting at as early as 2 to 15 years. 25 The study also found that high BP in childhood was associated with the extent of the lesions. Another study reported that February 2017 intima media thickness of adults were positively associated with childhood BP. 26 In light of this, identifying and avoiding the risk factors of high BP in children may lead to prevention of cardiovascular diseases in adulthood.
Based on the previous studies reporting associations between BPA exposure and BP in adults and between prenatal BPA exposure and childhood disease, we hypothesized that prenatal exposure of BPA may increase BP in children. In the present study, we aimed to examine the association between maternal urinary BPA concentration at around 20 weeks of gestation and the BP of 4-year-old children.
Method
The study protocol was reviewed and approved by the Institutional Review Board at College of Medicine, Seoul National University (1201-010-392), and informed consent was provided by each of the participants. The protocol was in accordance with the declaration of Helsinki and institutional guidelines.
Study Design
EDC study (Environment and Development of Children) is a follow-up study of the CAS (Congenital Anomaly Study), a birth cohort to investigate the association between prenatal environmental exposure and occurrence of congenital anomaly. CAS consisted of pregnant women who received prenatal care at 8 hospitals in Seoul and Incheon metropolitan area, Republic of Korea. A total of 13 484 women were enrolled at around 20 weeks of gestation and 11 085 were followed up until they gave birth, from August 2008 to July 2011. At the time of enrollment of the mothers, blood and urine samples were collected after >8 hours of fasting, and a questionnaire regarding demographics and lifestyle was also administered by trained nurses. At the time of birth, the children's birth weights were measured and recorded in the delivery room. After excluding children with congenital anomaly (n=115) and those with invalid address (n=218), 10 752 mother-child pairs were included in the final birth cohort. For EDC, we randomly contacted the parents of 2085 children before their month of birth in the year they turned age 4 and received consent to follow-up their children from parents of 645 children. There may be bias if the selection for the EDC from CAS was not random. To deal with this, we estimated the probability of being selected for EDC among the initial cohort of 13 484, based on mothers' age at enrollment, method of delivery, preterm birth, sex of baby, gestational age when born, and maternal use of cigarette and alcohol, by constructing a logistic regression model with those variables. We adjusted the inverse of the probability in the statistical models to make the probability of being selected the same for the participants. 27 We followed up the children at the age of 4 from March 2012 to December 2014. At the follow-up examination, urine and blood sample collection and physical examination for the children were conducted after >8 hours of fasting. After excluding multiple births (n=57), those without maternal BPA measurement (n=93), and those without child's BP measurement (n=9), 486 mother-child pairs were included in the present analysis ( Figure 1 ). We constructed a subgroup that consisted of children with Food Frequency Questionnaire data (n=384).
Exposure Assessment
Collected maternal urine samples were stored at −20°C at the time of enrollment. The samples were sent to the laboratory (Seegene Medical Foundation, Seoul, Korea), and urinary BPA concentrations were measured using high-performance liquid chromatography-tandem mass spectrometry (Agilent 6410 triple Quad LCMS; Agilent, Santa Clara, CA), as described previously. 7, 28 Standard solutions with BPA concentrations of 50, 25, 12.5, 6.25, 3.125, and 1.5625 μg/L were prepared and were analyzed with blanks to determine standard calibration curve (r 2 >0.999). When the measured sample concentration was not within 20% of the standard calibration curve, the sample was reanalyzed. The lower limit of detection for BPA ranged from 0.031 to 0.212 μg/L according to the yearly batch and was replaced with 0.212 μg/L divided by square root of 2. We used BPA concentrations in units of μg/g creatinine in the analyses to capture variation in the urine concentration of individuals. 3 The children's urinary BPA concentrations at the time of follow-up (age 4) were also measured with the same method as for maternal urinary BPA measurement.
BP Measurement
At the time of follow-up, BP of each child was measured. The children were asked to stay in a sedentary position for at least 10 minutes, and the BP was measured twice in 5-minute interval on the same arm in a sitting position with Colin Press-Mate BP8800p Blood Pressure Monitor (Colin Medical Technology Corporation, Aichi Prefecture, Japan) using a pediatric cuff (bladder size: 9×18 cm) by trained nurses. The nurses were blinded about the BPA concentrations of mothers and children. We used the average of the 2 measurements for the present analysis.
Pulse pressure (PP) was calculated by subtracting diastolic BP to systolic BP for each of 2 BP measurement. We used average of the 2 calculated PP in the analysis.
Covariates
At the time of birth, gestational ages of the children were recorded. A questionnaire asking demographics, past medical history, socioeconomic status, lifestyle, and environmental exposure of both parents and children were administered at the time of follow-up. During the physical examination, the children's height (cm) and weight (kg) were measured using Harpenden stadiometer (Holtain Ltd, Crymych, Wales, UK) and a digital scale, respectively.
Covariates that included in the statistical models were selected a priori based on literature review. The selected covariates were age (months), sex, height (cm), weight (kg) of the children, gestational age at birth (days), birth weight (g), previous history of hypertension of the parents (yes/no for each parent), the fathers' educational level (<high school, high school, college, and >college), exposure to environmental tobacco smoke (yes/no), children's symptoms of pulmonary or enteric infection at the time of follow-up (yes/no), and duration of children's vigorous physical activity per week (minutes). Because sodium intake may influence the BP, we adjusted daily sodium intake quantified by Food Frequency Questionnaire administered at the time of follow-up. Daily energy intake, acquired from the same Food Frequency Questionnaire, was also included in the model.
Statistical Analysis
The basic characteristics were presented as mean±SD for continuous variables and as percentages for categorical variables. For the variables with skewed distributions (children's duration of vigorous activity, BPA concentrations), we presented geometric means and 95% confidence intervals. Pearson's correlation coefficient was estimated between prenatal maternal urinary BPA concentration and children's urinary BPA concentration at age 4.
We included all the covariates mentioned above and urinary BPA concentration measured at the age 4 in the following statistical models. Because the distribution of BPA concentration was skewed, we log-transformed it.
Because BPA is known to have nonmonotonic effect, 29 we first examined the linearity of the association. To do so, we constructed generalized additive models, which include spline term of BPA concentration (degree of freedom =3). We examined these nonparametric associations visually to determine the linearity.
When the shape of the association was not linear, we constructed piecewise regression models to determine the threshold and regression coefficients below and above the threshold using HEAT package for R. 30 We constructed linear threshold models using threspt function for each 0.1 U of log BPA concentration in the range of −5 through 10 to search for thresholds and compared the Akaike information criteria of each model. The log BPA concentration that showed the smallest Akaike information criterion was considered to be the threshold. To estimate 95% confidence interval of the threshold, we conducted bootstrap procedure with 1000 repetition. Each bootstrap cycle randomly selected the same number of observations as the original data set with replacement and estimated the threshold. This procedure assumes that each repetition selects same number of random samples from larger hypothetical population and allows estimation of sample distribution. The confidence interval was estimated from the distribution of the results of each bootstrap cycle. We used package boot for R. 31 We also constructed Generalized Linear Model to examine the linear association between prenatal maternal urinary BPA concentration and the BP of the children using all observations. The model was also adjusted for the same potential confounders as a piecewise regression model.
To examine the sexual difference of the association, we stratified the analyses by sex of the child. Food Frequency Questionnaire was administered to a subset of the participants (n=384), and we analyzed the association while additionally adjusting for daily sodium and energy intake in this subset.
The association between children's current BPA concentration and their BP was also examined. We constructed same models as the ones to examine the association of prenatal BPA concentration with the BP of the child.
For a sensitivity analysis, we examined the association between the prenatal concentration of BPA and the children's BP at age 4, using BPA concentration unadjusted for creatinine (μg/L), with the same covariates used in the main analyses. Instead of directly adjusting BPA concentration for creatinine concentration, maternal urinary creatinine was included in the statistical model. We also constructed another model after excluding observations with maternal urinary creatinine >95 percentile (190 μg/L).
Statistical analyses were conducted using R statistical package version 3.4 (R Foundation for Statistical Computing, Vienna, Austria).
Results
At the follow-up examination, all children were free of cardiac or renal disorder. The mean age of the children was 47.7±1.3 months, and the mean age of the mothers at the enrollment around 20 weeks of gestation was 31.2±3.6 years. Among 486 children, 259 (53.3%) were boys ( Table 1 ). The maternal mean urinary BPA concentration at around 20 weeks of gestation was 1.9±2.5 μg/g creatinine (1.7±2.6 μg/L), and the mean urinary BPA concentration of the children at age 4 was 5.3±6.8 μg/g creatinine (3.7±5.0 μg/L). The maternal urinary BPA and children's urinary BPA were not correlated (r=−0.002; P=0.9714). The mean systolic BP, diastolic BP, and PP of the children were 96.0±7.0, 52.0±7.5, and 44.0±7.8 mm Hg, respectively. The excluded mother-child pairs had similar characteristics as those included in general but showed older maternal age, lighter birth weight, shorter gestational age, lower daily energy intake, and higher diastolic BP of the children.
Nonparametric association of prenatal BPA exposure and BP of the children showed nonlinear association (Figure 2 ). The R 2 of the models increased when prenatal BPA concentration was added to the model, from 0.0082 to 0.0434 and from −0.0202 to 0.0062 for diastolic BP and PP, respectively. However, the increase of R 2 was negligible for systolic BP. The results of subgroup analyses were similarly nonlinear ( Figure S2 in the online-only Data Supplement). The mean BP according to quintile of maternal BPA concentration also suggest nonlinearity (Table S1 ).
In the piecewise regression analysis, diastolic BP increased 7.8 mm Hg for the increment of 1 log unit above the threshold of 1.5 log unit of BPA (4.5 μg/g creatinine; Table 2 ). The increase was not observed for the systolic BP, but it was negatively associated with BPA concentration below the threshold. PP has similar threshold as diastolic BP (1.6 log unit) and decreased as the BPA concentration increased above the threshold. Similar pattern with greater regression coefficient was observed among boys. We observed significant association only for systolic BP among girls, and the systolic BP increased 2.088 mm Hg above threshold of −0.3 log unit of BPA (0.7 μg/g creatinine). When we adjusted for the sodium intake, the increase of diastolic BP and decrease of PP were still observed.
We examined the associations between concurrent urinary BPA concentration and the BP of children at the age of 4 (Table S2 ). The nonparametric association showed nonlinearity only in 3 models; PP among all participants and diastolic BP and PP among boys ( Figure S3 ). Only PP among boys were positively associated with the urinary BPA concentration in the piecewise regression. The linear models did not show any significant association between the parameters of BP and urinary concentration of BPA at the age of 4.
When we used unadjusted maternal BPA concentration instead of creatinine-adjusted BPA concentration, the result showed similar association between prenatal BPA exposure and diastolic BP at age 4 with statistical significance ( Figure  S4 and Table S3 ). When we excluded observations with high maternal urinary creatinine, the result was similar (Table  S4 ). However, we could not observe significant association between BPA concentration and systolic BP in the sensitivity analyses.
Discussion
In the present longitudinal analysis, we observed that prenatal maternal urinary concentration of BPA >4.5 μg/g creatinine, measured at midterm pregnancy, was positively associated with diastolic BP of the children at age 4, independent of current BPA concentration of the children. In the sex-stratified analyses, the associations for diastolic BP and PP were shown only among boys. Among the girls, systolic BP was significantly associated with maternal BPA concentration. The current urinary BPA concentration of the children was not associated with the children's BP.
We observed associations only for diastolic BP, and this is a consistent finding with the previous epidemiological study. 15 We also observed the decrease of PP. The negative association of PP seems to be because of the elevation of diastolic BP in the absence of elevation of systolic BP. Decreased PP is generally considered to be a sign of decreased cardiac function. The children were free of any clinical disorder, but there may be structural or functional alteration associated with BPA exposure during pregnancy that might have been contributed to decreased PP. However, further study is warranted to elucidate the underlying mechanism of the selective effect of BPA on diastolic BP of children.
In the present study, the association was shown differently when stratified by the sex of the children. Previous epidemiological studies examining the association between BPA exposure and BP had reported similar sexually dimorphic results in the elderly 7 and children. 15 This may because of the estrogenic effect of BPA, which may have greater effect in men. 32 However, we could not find previous report examining the mechanism of sex-specific effect of BPA on BP.
BPA was once considered to have weak estrogenic effect, but recent studies show that BPA can interfere with the estrogenic signal pathway even at low doses. 33 Previous studies using animal models suggested that structural or functional changes of the cardiovascular system, 18,34 oxidative stress, 35 and changes in DNA methylation 34 might be caused by BPA's interference with the estrogenic signal pathway and subsequently lead to alteration of cardiovascular functions, such as BP. One recent study reported that feeding BPA to rats for 30 days had increased BP. 36 They also observed an increase of angiotensin II, increased uncoupling of endothelial nitric oxide synthase, and consequent increases in endothelial nitric oxide synthase-dependent superoxide. When they administered angiotensin II inhibitor to these rats, the oxidative stress and BP were reduced, suggesting BPA targets endothelial nitric oxide synthase in a process of angiotensin II-mediated hypertension. An epidemiological study reported an association between BPA exposure and increased oxidative stress, 37 and the similar mechanism as the animal model may be occurring in humans. Another study reported that feeding BPA to pregnant rhesus monkey resulted in change of the transcriptome of fetal heart, suggesting that structural change of heart could happen because of chronic prenatal BPA exposure. 38 Additionally, we had reported an association between BPA exposure and decreased heart rate variability in the elderly, suggesting BPA's action on the autonomic nervous system, which regulates cardiovascular function. 7 The increase of children's BP in the present study may be explained by these mechanisms; however, the specific molecular and cellular mechanisms behind the effect of prenatal BPA exposure on BP are yet to be elucidated.
Obesity may increase the BP of children. 39 Because exposure to BPA has been associated with change of birth weight 23, 40 and increased weight in children, 41 the increase in BP might be the effect of changed birth weight or increase of weight. However, adjusting for current weight and birth weight in the present study did not diminish the significance of the association of BPA exposure at around 20 weeks of gestation with BP, suggesting that the association is independent from the weight-increasing effect of BPA.
The previous epidemiological studies had only accounted for, by design, the effect of acute exposure on BP. In contrast, the present study analyzed the association between past prenatal BPA concentration with the current BP of the children, and the present results suggest that there may be a long-term effect of prenatal BPA exposure on BP. In addition, this effect seems to be independent from the effect of current BPA exposure because no change was observed when the current urinary BPA concentration of children was adjusted. However, these results do not suggest that BPA exposure at any time in the life may lead to higher BP later because prenatal exposure may affect BP differently from that in other time of life. As we mentioned earlier, the prenatal period is more susceptible to adverse cardiovascular health effects from environmental exposures. 16 The reason that we did not observe an association between the current BPA concentration and BP of children may also be because of the different susceptibility according Figure 2 . Nonparametric association between prenatal maternal urinary bisphenol A (BPA) concentration (μg/g creatinine) at 20 weeks of gestation and blood pressure of the children at the age of 4. Adjusted for age, sex, height, weight, birth weight, gestational age at birth, maternal age at enrollment, parental history of hypertension, father's education, environmental tobacco smoke, duration of vigorous physical activity per week, and current infection. DBP indicates diastolic blood pressure; PP, pulse pressure; and SBP, systolic blood pressure.
to the exposure period. We analyzed the association at age 4 because this was the time the first follow-up was completed, and the choice of the age was not based on biological mechanism or known susceptibility. Additional research is warranted to examine the effect of prenatal and childhood BPA exposure on BP of other periods of life.
Because BPA was measured from urine, variation of urine flow is also a possible confounder. We used creatinineadjusted BPA concentration to account for the mothers' urine flow variation. 3 In the sensitivity analysis, we also examined the association with creatinine-unadjusted BPA concentration, and the result was similar except a smaller coefficient.
The primary strength of the present study is its longitudinal design. Unlike previous studies, the temporal relationship between exposure and outcome is established, and the causal relationship is more plausible. However, some limitations still merit discussion. We measured the prenatal BPA concentration only once. BPA concentration is known to vary, and one spot urine is not satisfactory for assessing the level of chronic exposure. 42 However, the misclassification that resulted from the random variation of BPA concentration might be nondifferential and might have shifted the significance toward the null. The BP measurement might also cause misclassification because of random variation in measurement error. We applied consistent methods to measure BP of the children, and remaining errors and resulting misclassification were probably nondifferential. Although we adjusted potential confounders, such as sodium intake and socioeconomic position, residual confounding from unknown variables might have affected the results. Also, the variable we used for socioeconomic status, educational level of fathers, may be less accurate than household income to reflect the true socioeconomic status of the family. The present study was conducted among Korean participants, and additional study among other ethnic group is warranted. Finally, the mean of outcome variable, diastolic BP, was slightly higher in those who excluded from the analysis compared with that of those included, and this might influence the result. However, the mean of the exposure variable, BPA concentration, was not different, and occurrence of bias from the difference of diastolic BP seems less likely.
Perspectives
The present study is another addition to the mounting evidence of adverse cardiovascular effects of BPA exposure and suggests the addition of pregnant women to the susceptible population. Considering the wide usage of BPA and the high risk of exposure, the health burden from BPA exposure should not be regarded lightly. Adjusted for age, sex, height, weight, birth weight, gestational age at birth, breast feeding, maternal age at enrollment, parental history of hypertension, father's education, environmental tobacco smoke, duration of vigorous physical activity per week, current infection, and current BPA exposure. BP indicates blood pressure; BPA, bisphenol A; CI, confidence interval; DBP, diastolic blood pressure; PP, pulse pressure; SBP, systolic blood pressure; and SE, standard error.
*Daily intake of sodium and energy was additionally adjusted.
Disclosures
None.
